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(57) ABSTRACT

A method of controlling motion on the ground of a device
having at least two legs comprising: obtaining current values
of dynamic state variables of the device; optimizing a move-
ment command for the device under constraints while taking
account of said current values and of a movement setpoint for
the device, said optimization being performed by modeling a
movement of the device between a current state and a second
state, the device being supported during said movement by at
least on a first leg, and then from an instant in which the center
of'pressure on the ground is changed, at least on a second leg;
and applying said movement command; wherein said optimi-
zation is performed on the assumption that the gravity poten-
tial energy of the device in the second state is a local maxi-
mum as a function of time.
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1
METHOD OF CONTROLLING A ROBOT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the United States national phase of
International Application No. PCT/FR2012/052216 filed
Oct. 1,2012, and claims priority to French Patent Application
No. 1159152 filed Oct. 11, 2011, the disclosures of which are
hereby incorporated in their entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention comes within the field of robotics, and more
precisely the field of methods of controlling a robot possess-
ing a body supported by at least two legs on which it stands
and advances.

2. Description of Related Art

Various mathematical methods for controlling the walking
of'such robots have been described, but they remain imperfect
in many respects, given the numerous difficulties that a two-
legged robot needs to overcome in order to move effectively
even in an environment that is simple (e.g. flat ground without
obstacles), and a fortiori in an environment that is complex,
e.g. including staircases.

Certain control approaches determine a step period in one
way or another. This applies for example to the disclosure of
the document “Online walking motion generation with auto-
matic foot step placement”, by Herdt et al., Advanced Robot-
ics, 24, 719, 2010, which describes the use of predictive
control to generate walking motion for a two-legged robot on
the basis of a predefined reference velocity, of freely adapting
the placing of the foot, and of constraints relating to the center
of pressure of the robot’s foot on the ground.

In that document, the robot model used is simple, but it is
always for controlling the robot on the basis of a constant step
period, and certain authors have developed models that are
more complicated, e.g. including hip movements in order to
take complex dynamics into account approximating those of
a human being.

In particular, Document US 2008/0133053 addresses the
stability of a robot that is subjected to a thrust. The robot is
modeled by an inverted pendulum including a flywheel for
reproducing the effects of angular moment modifications of
the body. The authors disclose a control method operating by
instantaneous determination of a position on the ground for
contact of a leg with the ground, and of an angular moment of
the flywheel.

In other approaches, such as for example in the article by
Hyon and Fujimoto, IFAC Symposium on robot control 2009,
and by Van Oort and Stramigioli, IEEE International Confer-
ence on Robotics and Automotion 2007, pp. 4653-4660, it is
step length that is determined, while step duration is variable.

Proposals have also been made to use both step duration
and step length as control variables. Thus, the document
“Robust physics-based locomotion using low-dimensional
planning” by Mordatch etal., ACM Transactions on Graphics
2010, 29 (3) discloses a controller defined on the basis of an
inverted pendulum model, in which the control parameters
include step duration and step location. The equations of
motion are applied sequentially for at least two steps and they
are polynomial equations. Control parameter continuity is
imposed between two consecutive steps. Optimization on a
set of at least two steps of the robot is then performed using a
statistical method. In a situation without any stage in flight,
control is calculated on the basis of two steps, i.e. a sequence
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2

made up of a first change of foot, a movement, a second
change of foot, a new movement, and finally a third change of
step.

Because such a control method applies to a set of at least
two steps, it presents the drawback that calculation can
require a particularly long length of time, which requires
greater computer power and also reduces the reactivity of the
system.

The invention seeks to solve those problems in particular,
while also reducing the quantity of calculation required.

SUMMARY OF THE INVENTION

A method of controlling motion on the ground of a device
having at least two legs, the method comprising:

an obtaining step of obtaining current values of dynamic

state variables of the device;

an optimization step of optimizing a movement command

for the device, optionally under constraints, while taking
account of said current values and of a movement vari-
ables setpoint for the device, said optimization being
performed by modeling a movement of the device
between a current state and a second state, the device
being supported during said movement by at least on a
first leg, and then from an instant in which the center of
pressure on the ground is changed, at least on a second
leg; and

an application step of applying said movement command;

the method being characterized in that said optimization is
performed on the assumption that the gravity potential energy
of the device in the second state is a local maximum as a
function of time.

Thus, the modeling proposed in the invention is based on a
characteristic state of the walking cycle corresponding to a
potential energy maximum.

This state always exists for periodic walking gaits, and is
characterized by only one constraint on the state variables, as
described in detail below.

This state is the intersection of the trajectory of the system
with a Poincaré section, i.e. a subspace of the state space,
characterized by a constraint on the straight variables.

The control method makes it possible to define control
parameters for a two-legged robot in a manner that is accurate
and fast, since such a transition model makes it possible to
specify equations of motion by analytic processing, in par-
ticular by making use simultaneously of step time and length
as control variables.

In particular, the control method proposed uses no more
than half the number of control variables than in the prior art
as described in the article by Mordatch et al.

Poincaré sections are well adapted to studying the stability
of cyclical systems, and consequently the movement model
used by the invention lends itself better to analyzing control
than does the model considered in the prior art, e.g. in the
article by Mordatch et al., which models movement between
two change-of-foot states.

When constraints are imposed on the positions of the feet,
thereby having the consequence of leaving only step duration
as a control variable, it is necessary to take two steps into
consideration, i.e. two changes of supporting leg between the
first and second states, but nevertheless, the control proposed
by the invention once more lends itself well to analysis and
characterization.

Because of this characterization, it is possible to have better
knowledge of the commands, and in particular to define guar-
antees of convergence.



US 9,317,027 B2

3

It is also possible to select in advance suitable gains or
parameters for the controller.

It is specified that the gravity potential energy of the device
is appropriate in the context of a model of the device.

In a model of the device known as the “inverted linear
pendulum” model, a center of mass of the device is subjected
to forcing relative to a plane during said movement. In a
non-linear model that is an alternative to the inverted pendu-
lum, and that is referred to as the “compass” model, it is the
lengths between the center of mass of the device and the feet
of the device that are constant.

Preferably, the movement command comprises a position
on the ground for contact between a leg and the ground or a
time for contact of a leg with the ground, or both.

In an advantageous implementation, said optimization is
performed by using a movement model that is linearized on
the assumption that the movement follows a polynomial tra-
jectory, e.g. a trajectory that is rectilinear or circular. Calcu-
lations are then simplified considerably.

In an implementation, the optimization is performed with
the help of a linear quadratic regulator, and alternatively it is
performed by model inversion.

Other characteristics of the invention are as follows: the
optimization may be performed as a function of a setpoint
determined as a function of a trajectory to be followed, and/or
as a function of a setpoint that is determined as a function of
a velocity to be followed.

The optimization may be performed under a constraint of
complying with a friction cone during contact of a leg with the
ground.

The optimization may be performed as a function of a
setpoint including at least one position ofthe device or at least
one velocity of the device and/or as a function of an average
step length setpoint, or an average step period (duration).

Finally, in one model, the potential energy is a function of
the distance between the center of mass and the point of
contact with the ground of the leg that is in contact with the
ground.

The invention also provides an optionally humanoid robot
that incorporates a control device performing a control
method as set out above.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1 and 2 show the robot and movement models used.

FIG. 3 is a general flow chart of a method of the invention.

FIG. 4 shows a first implementation of the invention.

FIGS. 5 to 7 show results relating to simulating a first
movement of a robot in the first implementation of the inven-
tion.

FIG. 8 shows a second implementation of the invention.

FIGS. 9 to 11 show results relating to simulating the same
first movement of a robot, this time in the second implemen-
tation of the invention.

FIGS. 12 to 14 show results relating to simulating a second
movement of a robot in the second implementation of the
invention.

FIG. 15 shows a variant of the second implementation of
the invention.

FIGS. 16 to 18 show results relating to simulating a third
movement of a robot in the second implementation of the
invention.

FIG. 19 shows another variant of the second implementa-
tion of the invention.

FIGS. 20 to 22 show results relating to simulating a fourth
movement of a robot in the second implementation of the
invention.
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FIG. 23 is adiagrammatic view of the physical robot model
used in the invention having multiple legs.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a diagrammatic view of the physical robot model
used in the invention. The robot 100 has a center of mass 110,
aleg 120, and a foot 130. The leg 120 connects the center of
mass 110 to the foot 130. A second leg is also a component of
the robot 100, but it is not shown in FIG. 1. In the mathemati-
cal model described below for modeling the robot 100, it
suffices to consider only one leg 120.

The robot 100 is modeled in the form of an inverted linear
pendulum. On the assumption that one of the feet of the robot
is always in contact with the ground, the system finds a simple
mathematical expression in the form of the following equa-
tion:

X‘:Zﬁ(x-xf) O]

with the following notation:

X: the position of the center of mass 110 in the horizontal
plane;

X the position of the foot 130 in the same horizontal
plane; and

7, the height of the center of mass 110 when the center of
mass 110 is vertically above the foot 130.

In the model used, the trajectory of the center of mass 110
is constrained to remain in a plane complying with the con-
dition z=z,. for X=X This plane is determined by the velocity
and acceleration vectors of the center of mass at an initial
instant. The potential energy of the robot 100 then takes the
following form:

1 2
V==X - X

where o is the characteristic angular frequency of the system,
and depends on gand onz,.. The legs are variable in length. In
FIG. 1, this is represented by a leg 120 that is shown as being
telescopic. Alternatively, the length of a leg may vary because
of'the presence of a knee.

In a variant, the center of mass is constrained to remain on
a surface satisfying the condition z=z,, for X=X,

Integrating differential equation (1) gives behavior as a
function of time as follows:

X, 2
X —Xf= (Xo— Xy)cosh(wn) + Usmh(wt)

X . Xo
= (Xo — X )sinh(wi) + — cosh(wr)
w w

The subscript 0 indicates an initial value at an instant 0. The
variable t represents time.

In the description below, coordinates are expressed as a
function of the following change of variables, defining the
state variables of the system in simple manner:
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The vector U is a two-dimensional vector defined by the
positions of the center of mass 110 and of the foot 130. The
two-dimensional vector V represents the velocity of the cen-
ter of mass in the horizontal plane, with this being expressed
relative to the angular frequency.

FIG. 23 is a diagrammatic view of the physical robot model
used in the invention having multiple legs. In addition to
having a first leg with like parts as described in FIG. 1, a robot
200has a center of mass 210, aleg 220, and a foot 230. The leg
220 connects the center of mass 210 to the foot 230. As
described in equation 1, X' represents the position of the
center of mass 210 in the horizontal plane; X/ represents the
position of the foot 230 in the same horizontal plane; and z.'
represents the height of the center of mass 210 when the
center of mass 210 is vertically above the foot 230. The vector
U' is a two-dimensional vector defined by the positions of the
center of mass 210 and of the foot 230. The two-dimensional
vector V' represents the velocity of the center of mass in the
horizontal plane, with this being expressed relative to the
angular frequency. If, as mentioned above with respect to
FIG. 1 that shows the system 100 at the instantt,, i.e., in a state
of maximum potential energy, the system 100 is moving
along the trajectory T in the plane P. FIG. 23 shows a trajec-
tory T and T" in the plane P.

FIG. 2 shows the transition model used in the invention.
FIG. 2 shows how the system varies over time. Three instants
are shown. Firstly, there is the instant t,, which corresponds to
the current instant. Thereafter, an instant t, is shown. This is
an instant when a foot is placed on the ground and simulta-
neously the other foot loses contact with the ground (referred
to as a change of foot, and in general manner this is merely a
change in the center of pressure on the ground). Finally, a
third instant t,, later than instants t, and t, is shown. This
instant is an instant of maximum potential energy for the
system 100 (referred to as the “apex”), where the derivative of
the potential energy v is zero, thus imposing the following

equality:
Uv=0

The duration between the instants t, and t,, is written T,.
The duration between the instants t,, and t, is written T.

The transition model shown in FIG. 2 relates to the transi-
tion from a first state of the system 100 (instant t, ), to asecond
state of the system 100, in which the potential energy is at a
maximum (instant t, ), these two instants being separated by a
single change of foot in contact with the ground (instant t,,).

If'the states at the beginning and the end of the transition are
written using state variables having the subscripts 1 and 2, and
if the following notation is used:

AX: the vector between two successive foot placement
locations; and

S and C: the hyperbolic sine and cosine functions respec-
tively;
then the fact that the state variables at the foot-change instant

(or ground pressure center change instant) are equal imposes
the following equations:
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X;
SpUo+Cpr Vo= = -

{ Xpy + CryUo + 87, Vo = X; = Xpy +Cr Uy =S,V
w

Sp Ui +Cry Vi

These equations make it possible to obtain the following
model representing the transition between the two states:

{Ul = Cryan Uo + S1y41, Vo — Cry AX ®)

Vi = Sr41, Uo + Cryamy Vo — Sp, AXy

If, as mentioned above, the instant t, is an instant of maxi-
mum potential energy, and is therefore characterized by the
condition U'V=0, then if T, and AX, are used as control
variables, the control state has three dimensions and the sys-
tem is controllable.

FIG. 1 shows the system 100 at the instant t,, i.e. in a state
of maximum potential energy, while the system 100 is mov-
ing along the trajectory T in the plane P.

The control method of the invention is shown in FIG. 3.
This method comprises firstly a step 300 of measuring the
current values o of state variables. In various embodiments of
the invention, this may be done using various sensors. The
robotalso decides the plane P in which it is desires to cause its
center of mass 100 to travel, as a function of the current values
o.

Furthermore, a movement setpoint is determined for the
system, and during a step 310 of processing the setpoint by
tracking servo-control, the setpoint is transformed into a state
variable setpoint o,,.

During a step 320, the state variable setpoint o, is pro-
cessed by a controller relying on the transition model shown
in FIG. 2. The controller 320 produces control variables
' which are used during a step 320 to control the robot 100
itself as a simple model or as setpoints for a complex model of
the system.

Once the command has been applied, the process begins
again with steps 300 and 310.

With reference to FIG. 4, there is shown a first detailed
implementation of the invention. A trajectory to be followed
is defined beforehand, in the form of a movement setpoint.

The method begins with a step 400 of measuring the cur-
rent values o of the state variables.

A projection step 410 using the movement setpoint also
serves to define a velocity vector V state variable setpoint 0 ).

The projection of step 410 consists in defining the velocity
vector (state variable setpoint 0,) as a function of the differ-
ence between the current position of the robot 100 and a
position considered as corresponding to this current position
on the trajectory. The position of the robot 100 is taken as
being the average of the positions of the center of mass of the
robot 100 at two successive maximum potential energy states.
The position along the trajectory corresponding to the posi-
tion of the robot 100 is taken as being an orthogonal projec-
tion of the position of the robot 100 onto the trajectory.

In particular when the trajectory is a straight line, the
projection is an orthogonal projection onto the line. When the
trajectory is a circle, the projection onto the circle is per-
formed along a radius of the circle.

The velocity vector V and the current values o are then used
by a controller in a servo-control step 420 on the basis of a
linearized transition model, derived from the model described
above in equations (5).
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Once the command has been applied during a step 430, the
process restarts with steps 400 and 410.

The servo-control step 420 performed by a controller on
the basis of a linearized transition model is performed on the
basis of linearization assumptions whereby, in one imple-
mentation, the movement of the robot 100 is quasi-rectilinear,
and its gait is symmetrical.

Under these assumptions, a solution to the system of equa-
tions (5) is given by:

Uy =-U, ©
V=V,
T, =T,

The system of equations (5) can then be written as a func-
tion of the nominal command AX; in the following form:

AX,  =2(Cr,UqtSr,Vo) )

By introducing a small variation in the command X; writ-
ten 3X, the system of equations (5) is written as follows:

{ Ui ==Cry-ryUo = S7,-1, Vo = Cry 0AX; ®

Vi =S5, 1, Us + Cr, 1, Vo — 51, 0AX;

The condition U"V=0 applied at instant t, gives the follow-
ing expression:

1 (SpUs = CrVp) )

6T =T, — — SAX
0T A !

This mathematical processing enables the transition model
of'equations (5)to be expressed in a linearized form, as shown
below:

{51/1 = —8U; — VowSTy + VowdTy - Cr, 6AX, (10)

V) = 8V + UpwdT, — UowdTy — St,,, 6AX

During step 420, the controller used performs local servo-
control of the linear quadratic regulator (LQR) type. The
model is modified on each step as a function of the state of the
preceding command.

Initialization of the controller 420 comprises a preliminary
step 415 of calculating a nominal command T,,,,,, by addi-
tional servo-control as a function of a desired average step
length Step,,,. More precisely, the step duration is calculated
as a function of the current velocity V, as follows:

an

St
asint{ —Pav )
2lIVoll

(2]

Tiyom =

With reference to FIGS. 5to 7, there can be seen the results
of'a robot 100 using the control method of FIG. 4.

The angular frequency is equal to 3 per second (s™). The
step duration T,+T, is constrained to lie in the range 0.2
seconds (s) to 0.8 s, and the step length AXis constrained to
lie in the range 10 centimeters (cm) to 1.2 meters (m). The
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8
control variables AX -and T, constitute the control variables
@ . The mass of the robot is 70 kilograms (kg).

The following setpoint is defined: starting from a point
having coordinates (0, 0), a constant velocity of 0.7 meters per
second (m-s~1) in the direction y is requested of the robot 100
for a duration of 3 s. Then, a straight line perpendicular to the
direction of the preceding velocity is to be reached and fol-
lowed at a velocity of 0.7 m-s™" for 20 s. A lateral disturbance
equivalent to 700 newtons (N) for a duration 0 0.2 s is applied
when the robot 100 reaches the middle of the above-men-
tioned line. Finally, the robot is requested to travel along a
circle of radius 2 m at a velocity of 0.5 m-s~* for 27 s.

FIG. 5 shows the successive positions of the center of mass
110 and of the foot 130. It can be seen that the lateral distur-
bance leads to an excursion of about 3.5 m. FIG. 6 shows
horizontal velocities along the two axes. FIG. 7 shows the step
duration of the robot while it is moving, in the form of graphi-
cal representations of T, and of T, +T,.

FIG. 8 shows another implementation of the invention.

Initially a step 800 of measuring the current values of the
state variable o is performed.

A state variable setpoint identical to that defined in step 400
in the implementation of FIG. 4 is defined in parallel during a
projection step 810. The step 810 is similar to the projection
step 410 of the implementation shown in FIG. 4.

This projection step makes it possible to calculate a set-
point velocity V, and a setpoint position vector U. These two
state variables constituting a state variable setpoint o, are
used by a controller as a setpoint for a servo-control step 820.
The controller used relies on the transition model defined in
equations (4) in its exact form, and makes use of an algorithm
for inverting the model.

The optimization criterion for the inversion of the model is
then taken to be equal to:

1
E(HUd - U1||ZU +IVa - V1||év)

where U and V , are the desired state variables, and where Q,,
and Q. are weighting matrices.

In this optimization, the system of equations (5) is used to
provide inequality constraints, and the step duration, the posi-
tioning of the foot, and the characteristics of the ground may
be used as inequality constraints. The variables that are
extracted are the magnitudes T,, T,, and AX . Optimization is
performed over one step of the robot 100.

The constraint relating to the potential energy maximum at
instant t, is written in the form:

[HCTI Up+Sty Vo—AX,H2+HSTI UgtCry V0H2]52T2+2

[Cr,Uo+S7, Vom XA [S7,Ug+Cr, Vo] Cogy=0 (12)

which amounts to:

1 n||(Uo = Vo)(Cry = St1) = AX(|l
2w |[(Uo + Vo)(Cr1 + S11) — AX||

a3

Ty =

The control variables T, and AX (written ¥ ) are then used
during a step 830 for controlling a complex model of the robot
100 or the robot 100 itself.

Once the command has been applied, the process restarts at
steps 800 and 810.

With reference to FIGS. 9 to 11, there can be seen the
results of the robot 100 moving under the control of the
method shown in FIG. 8.
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FIG. 9 shows the trajectory of the robot 100, FIG. 10 shows
its horizontal velocities along the two axes, and finally FIG.
11 shows the step duration during the travel of the robot.

The setpoint is the same as that shown in the scenario of
FIGS.5to 7. In FIG. 9, it can be seen that the method using a
non-linear control model provides a faster response to the
disturbance, since the lateral excursion is less than 2 m, unlike
that which is observed in FIG. 5.

With reference to FIGS. 12 and 14, there can be seen the
results relating to the movement of the robot 100 controlled
by the method of FIG. 8, but this time with a different set-
point.

The setpoint used this time is as follows: starting from zero
velocity, the robot is to reach a velocity of 0.7 m-s~ while
remaining on the straight line x=0 until time t=10 s. Thereaf-
ter, the robot is to go backwards along the same straight line
until t=14 s. Finally, it is to follow the straight line x=1 m at
the same velocity until t=24 s, at which instant it is requested
to stop.

FIG. 12 shows the trajectory of the robot. The inserts are
enlargements of zones where the robot has turned around or
stopped. FIG. 13 shows how its velocity varies along the two
axes over time. Finally, FIG. 14 shows how its step length
varies as a function of time.

FIG. 15 shows a control method of the invention that differs
from that shown in FIG. 8 by introducing constraints 1500
that relate to the control variables ¥ associated with the
environment in which the robot moves.

These are step length constraints associated with the pres-
ence of a staircase.

In one scenario, the robot moves along the staircase fol-
lowing a straight line at a velocity of 0.4 m-s™" while itis being
pushed forward by applying a disturbance equivalent to 175
N for 0.2 s, and then laterally by applying a disturbance
equivalent to 500 N for 0.2 s.

FIGS. 16 to 18 show the results obtained with the FIG. 15
control method. The step length is constrained to the value 0.5
m along the direction y, and the time T is constrained to lie in
the range 0.1 s to 0.8 s. Thus, compared with the preceding
simulations, the step duration may be shorter.

FIG. 16 shows the movement of the robot 100 in a plane.
Inserts are included to show that the constraints for a constant
step length in the direction y is complied with.

FIG. 17 shows the variation in velocity along the two axes
as a function of time. Finally, FIG. 18 shows the step duration
of the robot as a function of time.

FIG. 19 shows a robot control method of the invention
including constraints 1900 relating to the state variable o.
These constraints in this example are associated with the
friction characteristics of the ground. They are introduced via
the controller in step 820.

The constraints associated with the friction characteristics
of the ground are introduced on the assumption that the
instant at which these constraints need to be satisfied is the
instant at which the foot in contact with the ground changes.

Two series of conditions are then introduced into the
model. They are expressed in the following forms:

{ Uy =Cr U +57, Vo Equations 14

Vi = Sy, U + Cr, Vo
{ Ut = Cr Uy + Sy, Vo —AX Equations 15

Vfr = STI Uy + CT1 Vo
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in which the superscripts “~” and “+” represent respectively
the instants before and after the change of foot in contact with
the ground. It follows that to ensure that the contact forces lie
within the friction cone defined by the coefficient of friction ,
the following constraints must be satisfied:

{wZIIUfII <ug 16

AN = pg

FIGS. 20 to 22 show the results obtained with the method
of FIG. 19.

The setpoint scenario given to the robot is as follows: it
should move along the direction y at 0.5 m-s™*. The environ-
ment constraints are such that the coefficient of friction ini-
tially has the value 1, and changes every 5 s so as to take on
successively the values 0.4, 0.3, and 0.2.

FIG. 20 shows the movement of the robot in the plane.

FIG. 21 shows the variation in velocity along the two axes
as a function of time. Finally, FIG. 22 shows the variation in
step time as a function of time. The step accelerates when the
coefficient of friction reaches the value 0.3.

Itis specified that the control method of FIG. 8 is four times
faster than the control method of FIG. 11. It requires calcu-
lation time of 25 milliseconds (ms) per movement step using
a dual processor computer, with control being programmed
using the Matlab™ language. Such results make it possible to
envisage using this control method in an interactive context,
or in a real time context.

In a variant, use is made of control that is based on simul-
taneous use of the control methods of FIGS. 4 and 8.

In certain implementations, instead of measuring the val-
ues of the state variables in step 300, they are estimated on the
basis of various available items of information.

In certain implementations, instead of optimizing the con-
trol variables AX,and T,, control variables of a complex
model are optimized by using the principles described in the
implementations relating to the inverted linear pendulum
model.

Control based on the proposed modeling must be consti-
tuted by at least two control variables in order to guarantee
stability for the simple system.

For example, the time T, may be imposed if the position of
the foot is free both in the direction x and in the direction y. In
a staircase, if it is necessary to determine the step size in the
direction of the staircase (the pitch of the stairs), then the time
T, and the position of the foot in the lateral direction must be
free.

If other constraints are to be imposed, it then becomes
necessary to consider more than one step. For example, if the
positions of the feet are imposed, then the control variable T,
suffices, providing at least two successive steps are taken into
consideration in the optimization calculation.

The invention is not limited to the implementation
described but it extends to any variant implementations
within the ambit of the scope of the claims. In particular,
instead of being modeled in the form of an inverted linear
pendulum, the robot may be modeled in the form of a com-
passtypesystem, i.e. having a center of mass that is connected
to at least two feet via legs of constant length.

Likewise, the robot may have more than two legs, for
example may have four legs. In one implementation, it travels
continuously with a single leg placed on the ground and three
legs off the ground. In another implementation, it travels with
a plurality of legs placed on the ground and one or more legs



US 9,317,027 B2

11

off the ground. Under such circumstances, between two
changes of legs, the center of pressure on the ground is sta-
tionary. The changes of leg are thus changes in the center of
pressure on the ground. The notion of leg change then covers
not only pressing one leg in contact with the ground while
simultaneously taking another leg out of contact, but also
putting a leg into contact with the ground without simulta-
neously taking another leg out of contact, and also taking a leg
out of contact without simultaneously putting another leg into
contact, providing that there is always at least one leg in
contact with the ground.

The invention claimed is:

1. A method of controlling motion on the ground of a
device having at least two legs comprising:

obtaining current values of dynamic state variables of the

device;

an optimization of a movement command for the device

under constraints based at least partially on said current
values and a movement setpoint for the device, said
optimization being performed by modeling a movement
of the device between a current state and a second state,
the device being supported during said movement by at
least a first leg, in the current state, and during an instant
in which a center of pressure of the device on the ground
is changed, the device being supported by at least a
second leg, in the second state;

applying said movement command; and

controlling the device based on said movement command;

wherein said optimization is performed based at least par-

tially on an assumption that the gravitational potential
energy of the device in the second state is a local maxi-
mum as a function of time.

2. A control method according to claim 1, wherein the
device is modeled in the form of an inverted linear pendulum.

3. A control method according to claim 1, wherein the
movement command comprises a position on the ground for
contact between a leg and the ground.

4. A control method according to claim 1, wherein the
movement command comprises a time for contact between a
leg and the ground.

5. A control method according to claim 1, wherein said
optimization is performed by using a movement model that is
linearized based at least partially on an assumption that the
movement is rectilinear.

6. A control method according to claim 5, wherein the
optimization is performed with the help of a linear quadratic
regulator.
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7. A control method according to claim 1, wherein the
optimization is performed by model inversion.

8. A control method according to claim 1, wherein the
optimization is performed as a function of a setpoint deter-
mined as a function of a trajectory to be followed.

9. A control method according to claim 1, wherein the
optimization is performed as a function of a setpoint that is
determined as a function of a velocity to be followed.

10. A control method according to claim 1, wherein the
optimization is performed under a constraint of complying
with a friction cone during a contact of a leg with the ground.

11. A control method according to claim 1, wherein the
optimization is performed as a function of a setpoint includ-
ing at least one position of the device or at least one velocity
of the device.

12. A control method according to claim 1, wherein the
optimization is performed as a function of an average step
length setpoint.

13. A control method according to claim 1, wherein the
gravitational potential energy of the device is calculated as a
function of the distance between the center of mass and the
point of contact with the ground of the leg that is in contact
with the ground.

14. A robot, comprising:

at least two legs; and

a control device,

wherein said control device performs a control method

comprising the steps of:

obtaining current values of dynamic state variables of the

device;

an optimization of a movement command for the device

under constraints based at least partially on said current
values and a movement setpoint for the device, said
optimization being performed by modeling a movement
of the device between a current state and a second state,
the device being supported during said movement by at
least a first leg, in the current state, and during an instant
in which a center of pressure of the device on the ground
is changed, the device being supported by at least a
second leg, in the second state; and

applying said movement command;

wherein said optimization is performed based at least par-

tially on an assumption that the gravitational potential
energy of the device in the second state is a local maxi-
mum as a function of time.
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